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The possibility of exciting and detecting proton NMR double-
quantum coherences in inhomogeneous static and radiofrequency
magnetic fields was investigated. For this purpose specialized pulse
sequences which partially refocus the strongly inhomogeneous evo-
lution of the spin system and generate double-quantum buildup
and decay curves were implemented on the NMR MOUSE (mobile
universal surface explorer). The theoretical justification of the
method was developed for the simple two-spin—% system. The per-
formances of the same pulse sequences were also tested on a solid-
state high-field NMR spectrometer. It was shown that DQ decay
curves have a better signal-to-noise ratio in the initial time regime
than DQ buildup curves. The double-quantum buildup and decay
curves were recorded for a series of cross-linked natural rubber
samples. These curves give access to quantitative values of the ra-
tio of proton total residual dipolar couplings which are in good
agreement with those measured in homogeneous fields. A linear
dependence of these ratios on the sulfur-accelerator content was
found. © 2001 Academic Press

Key Words: double-quantum NMR coherences; NMR MOUSE;
double-quantum buildup and decay curves; cross-linked natural
rubber.

INTRODUCTION

Multiple-quantum (MQ) coherenceg,(2), especially dou-
ble (DQ)- and triple (TQ)-quantum coherences @i in

more, proton as well as deuterium DQ-filtered NMR imaging
has been applied to map molecular order in biological tissue
(9, 10. All of the above investigations have been performed us:
ing homogeneous static and radiofrequency (rf) magnetic field
and pulsed spatially constant field gradients.

Recently, amobile NMR surface scanner (NMR MOUSE) has
been developed for the nondestructive investigation of arbitral
ily large objects 11, and references therein). The NMR MOUSE
is characterized by strong inhomogeneities in the static and r:
diofrequency magnetic fields. Therefore, a detailed analysis ¢
the spin system response to various pulse sequences is neces:t
in order to assess the measured NMR paramei@skurther-
more, the possibility of recordintH MQ-filtered NMR signals
in these inhomogeneous fields has to be investigated in conne
tion with the successful application of this method to elastomer
(3-6) and biological tissue®( 10.

The aim of this Communication is to show that proton DQ-
filtered signals can be detected using an NMR MOUSE sen
sor operating in the presence of strongly inhomogeneous stat
and radiofrequency magnetic fields. The measurements we
performed on the important class of materials of cross-linke
elastomers. A new method is discussed theoretically and prove
experimentally which allows for measuring Ddgcay curves
having as a starting point a maximum value of the excited DQ co
herences. This procedure was also tested employing a solid-ste

dipolar-coupled systems, have been explored recently for thigperconducting NMR spectrometer using different pulse tilt an
measurements of residual dipolar couplings and associated dgs which partially mimics the field inhomogeneities present fol
namic order parameters in elastomers like poly(styrene-dbe NMR MOUSE. This method leads to an improved accurac)
butadiene) §) and poly(isoprene)). It was shown that these in the measurements of the ratio of the total residual dipola
couplings can be correlated with the cross-link densdty4j couplings. The experiments were conducted on natural rubbe
and the space distribution of strals) (Parameter images can besamples with different cross-link densities, showing the sensi
recorded employingH DQ and TQ coherence filters in heterodivity of the DQ buildup and decay curves to cross-link density.
geneous elastomers, ). Moreover?H DQ-filtered NMR sig- The possibility of measuring quantitatively the ratio‘ef total
nals of deuterated poly(butadiene) oligomers incorporated ingsidual dipolar couplings from DQ decay curves recorded b
elastic rubber bands were used to generate contrdstMVIR  the NMR MOUSE iis also discussed.

images of local strain in stretched elastométs§). Further-

THEORY

1 0nleave from the Institute for Isotopic and Molecular Technology, P.O. Box
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The most simple method for exciting and detecting MQ co-
herences is based on time reversal procedures (cf. Fig. 1a) lil
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the nonselective three-pulse sequerice?| or the variant pre- 2 o
sented in Fig. 1b. For the pulse sequence presented in Fig. on | evolution reconversion g
the duration of the excitation and reconversion periods is equa ' i Faf

>
»

.- . . .. . . T t E2 To time
and the efficiency in pumping MQ coherences is increasing in
the |n|.t|al exutatlo.n/ref:onversmn time regint @. A puﬂdup 20°, ., 200, 20°, 20°, 20°,
curve is recorded in this case for which a maximum is presenta® g. 0., 0°, 0°, 0°,

a result of competitive effects of pumping MQ coherences and
transverse relaxation of single-quantum coherences. T P i T il Tt | time
We shall consider in the following the spin system re- : '
sponse to themismatchedexcitationfeconversion pulse se- FIG.2. (a) Schematic representation of the experiment for mismatched ex
quence (MERE) (see Fig. 2) used for excitation and detectiE)‘F?“O” and reconversion of MQ coherences used for recording decay curve

fFM h Th fat . ¢ il b The excitation timer and the evolution timé; are kept fix and only the mis-
0 Q coherences. € case ol a WO'Sé”‘;yS em will be matched reconversion time is varied. The parameteris set to the maximum

treated in the presence of homogeneous magnetic fields §phe DQ buildup curves. (b) A five-pulse sequence with an arbitrary flip angle
which well-defined arbitrary pulse flip angles can be defined supplemented byé2partially refocusing pulses for measuring DQ-filtered
all over the sample volume. This will make it possible for ugoherence decay curves. The evolution timés kept short and constant and
to understand how the MERE pu|3e sequence works for NI\/ﬁRm pulse is app!ied at the_middle of this interva_l for_partially refocusing the
. . . . L coherence evolution under inhomogeneous Hamiltonians.

MOUSE, i.e., in strongly inhomogeneous magnetic fields where
a distribution of pulse flip angles exists. Nevertheless, the r%- . .
diofrequency pulse phases are the same for each sample voT><(§1.fIrSt hard) pulse we can write
The new feature of this pulse sequence is related to the possi-
bility of generating MQ coherence decay curves which can be
adjusted to begin with a maximum MQ signal. This will allow for
a more accurate determination of the residual dipolar couplin

compared with the method employing MQ buildup curves (cf.1.£1- . .
Fig. 1). The free evolution under the effect of the truncated residua

The spin system response for an isolated two-gpgystem dipolar Ha}miltoniarHéc") = w4 T2,0, Wherew isthe preaveraged
can be described by an equivalent quadrupolar nucleus with sipifia- and intergroup dipolar coupling constahnd references
| = 1 (4, 13. Under the action of the pulse sequence presentil"€in), leads to the density operator
in Fig. 1b the reduced density operatoican be conveniently
described in terms of irreducible tensor operaiiars(1) at var- o(t7) o TooC0Sd +iT11(5) cos(\/§5m> sing
ious time points. The effect of partially refocusing & pulses ’ ' 2
(cf. Fig. 2b) is neglected because it is not essential for the filtra-

tion of DQ coherences. The experiment starts with a spin system + \/§T2,1(a) sin <\/§5[ﬂ> cosh. 2]
having az polarization, i.e.g(07) o Ty0. After the action of 2

o (07) o Tyoc0sh + 1Ty 1(S) SinG, [1]

here T 1(s) is the symmetric irreducible tensor operator of

After the action of the second #fpulse, i.e., at the end of the
excitation period for dipolar-encoded longitudinal magnetiza-

a) _ o tion (Ty o), in-phase single-quantury(;(s)), antiphase single-
excitation | evolution | reconversion detecliog quantum T».1(a)) (which denotes the antisymmetric combina-
r T . B -] “m: tion of T, +1), and double-quantum coherencg&s(,) have been
excited. The part of the density operator describing DQ coher
b) 20%,,, 20°, 207, 20°, ences is given by
(LA 0o, oo, I i“v gl
& . 3_ .
- o | 5 % | |n] me o(th) o Tpp(a) sin (\/;th) sirf 6. [3]

FIG. 1. (a) Schematic representation of the experiment for matched exci- The DQ-encoded polarization atthe end of the reconversion

tation and reconversion of MQ coherences used for recording buildup curves. . . . .
This scheme is similar to a two-dimensional MQ experiment but it is us&ienOd and the filter of durationzo (Cf' Fig. 2b) can be evaluated

with fixed evolution timet; and variable, but equal, excitation/reconversio@S above, and finally the DQ-filtered signal is given by
timesz. (b) A five-pulse sequence with an arbitrary flip anglesupplemented

by 29 partially refocusing pulses for measuring DQ-filtered coherences with

matched, variable excitation/recon_versioq times. The (_evolution ﬁi@kept SDQ(T/) o { sin \/§5D(T + 7/_/) sin /§5DT sin“@,
short and constant and & 2ulse is applied at the middle of this interval 2 2

for partially refocusing the DQ coherences evolution under inhomogeneous
Hamiltonians. (4]
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where the evolution of DQ coherences during thperiod has EXPERIMENTAL
been neglected. The syml6l- -)) represents the averages taken
over the orientation of the spin-pair internuclear vectors and tR@mples

statistics of the end-to-end vect@; @). In the case of the NMR g glastomer system investigated is based on commercial
MOUSE Eg. [4] describes the signal originating from a particyyajlable natural rubber SMR10 (Malaysia). As additives, the
ular sample voxel characterized by an rf pulse havirggfép samples of the cross-linking series contain 3 ppar(s per
angle. Inthe presence of transverse relaxation ofsingle-quantthdredrubber) ZnO and 2 phr stearic acid. The sulfur and
coherences du_rin_g excitation ano_l reconversion periods Eq. H-elerator contents of the different samples are shown i
has to be multiplied by the function exp(2t + ')/ Tzt ls  Taple 1. The accelerator is of the standard sulfenamide typ
whereT, .z is the effective transverse relaxation time. For an (ﬁ'BBS, benzothiazyl-2ert-butyl-sulfenamide). After the com-
pulse flip angle of = 90° and matched excitation/reconversiorboundS were mixed in a laboratory mixer at60the vulcan-
pulse sequence, i.&, = 0, Eq. [4] becomes identical with thej;a1ion was performed at 160 in a Monsanto MDR-2000-E
DQ signal derived for a static collection of spipairs @). If yicameter. The degree of cross-linking was measured by th
thez” interval fulfills the conditiongopt’ < 1andt’ < Tz |ow-frequency shear modulus at a temperature of €6 the
we can write following Eq. [4] vulcameter directly after the vulcanization. The measurement
were performed with an oscillation amplitude-60.50 and a

. 3_ 3_
Soo(7)) <S|n2 (\/;wpr> (1_ Zwﬁf/2>> frequency of 1.67 Hz.
NMR Experiments

" H )
X @XPL-2t/ T2 e ] SIN°0. Bl thetnnmr experiments in inhomogeneous fields were per-

formed on a homemade NMR MOUSE sensor equipped with
Bruker Minispec spectrometer operating at a carrier frequenc

rameter which has a value in the _r::zgior; of thi Maximug} 54 1 MHz. The coil geometry resulted in a sensitive volume
of the DQ buildup curve, i.e., forsin(opr)) 1 and ¢ apoit 9% 4 mm in plane and 0.5 mm in depth. Further de-

{cos/Fwpt)) ~0. If these conditions are fulfilled we can apyajig are published in Ref1@). The rf pulse length employed
proximate Eq. [S] by in all of the measurements had a value of 25 the evolution
time wast; = 60 us, thez-filter time wastg = 500 us, and

Spo(r) <1 — §(a_)2D)r’2)exp[—2t/Tg,eﬁ] sin*g.  [6] Hahnechotime was = 100us (cf. Figs. 1b and 2b). The DQ
4 decay curves were recorded with fixed values ef 1.05 and

The above equation is derived from Eq. [4] for rapa-

. . 0.75 ms (cf. Fig. 2b) corresponding to the maximum of the DQ
We note that this approximation is not necessary for the evafiiiqup curves for the natural rubber samples NR1 and NRS
uation of DQ buildup curves4). Nevertheless, the values of,oqpactively. The NMR experiments in the homogeneous fiel
the residual dlpolar_ couplings measured b)_/ the DQ buildup aW_ére performed at 3 frequency of 500.045 MHz on a Bruker
decay curves are in good agreement as is shown below. TRy 500 spectrometer. The 9pulse length was 2s. To par-
shows that the approximation involved in deriving Eq. [6] iga)ly mimic the effect of rf pulse inhomogeneity the DQ-filtered
valid. Finally, the normalized DQ-filtered signal is given by signals were recorded with a rf pulse flip angle of alfost 60°.
, The pulse delays were the same as those used for the measu
Spo(7) x <1 — §(a_)2D)r’2) sin*o: [7] ments performed with the NMR MOUSE. The acquisition was
Spe(0) 4 performed without employing a Hahn echo. Two partially re-
) ) ) ~ focusing @ pulses were applied in the middle of theandt’
i.e., the signal represents a Rcay curvestarting from an ini- periods of the mismatched reconversion period (cf. Fig. 2b)

tial ime 7" = 0, after DQ coherenge pumping f9r aduratian ppase cycling of the DQ coherence filtration scherie®)(was
The slope of the DQ decay curve with regard fogives a quan- applied in all experiments.

tity related to the total residual dipolar coupling of the elastomer

segments. The sensitivity to the residual dipolar couplings can TABLE 1

be defined as a derivative of the curve slope ve(&ds. For the Cross-Link Series of Natural Rubber

DQ decay curves this derivative ig4& being two times lower

than that for the DQ buildup curves. Sample Sulfur-accelerator content (phr)
For a multispin dipolar topology the effect of pumping DQ NR1 1-1

high-order spin correlations and multiple-quantum coherences NR2 2-2

leads to a more complex treatment than that described above. NR3 3-3

Nevertheless, Eq. [7] is expected to be still valid in the limit of EE‘S‘ ‘é‘g

small values of'2.
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RESULTS sensitivity to the cross-link density is given by the times at which
DQ buildup curves reach the maximum values. This is due tc
The possibility of exciting'H DQ-filtered signals using the the combined effect of the increasing efficiency of pumping DQ
NMR MOUSE and the pulse sequence presented in Fig. 1bcisherences with increasing excitation/reconversion times in th
proved by the DQ buildup curves in Fig. 3a recorded on thgitial pumping regime and transverse relaxation of the single-
natural rubber samples NR1 and NR5 (cf. Table 1). In the i”itié}hamum coherences,(4). Both quantities are affected by the
pumping regime the slopes of the DQ buildup curves are diffefross-link density. For multispin dipolar networks higher-order
ent, reflecting different values of the residual dipolar couplingguitiple-quantum coherences and spin correlations will also be
The signal-to-noise ratio is relatively low, making the quantitgsxcited and contribute to the decrease of the DQ signal ampli
tive evaluation of residual dipolar couplings inaccurate. A bettgides. In order to test the efficiency of the phase cycling schem
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used for filtering DQ coherences and to partially mimic the dis-
tribution of rf pulse flip angles thtH DQ buildup curves of NR1
and NR5 have been recorded on a Bruker DSX 500 solid-stat
NMR spectrometer using the pulse sequence presented in Fig. :
with 8 = 60° (cf. Fig. 3b). The data obtained on the DSX 500
and on the NMR MOUSE show good agreement. The inset o
Fig. 3b shows the evolution of the DQ-filtered signal intensities
in the initial excitation time regime versug. The lines repre-
sent the best fit of the data with a polynomial function of order 6
in 7. The coefficient of the? term is related tdw3) (3, 4). We
can note here that the DQ buildup curves in the regime of long
excitation times could be slightly different for the measurements
performed with the NMR MOUSE and high-field NMR spec-
trometers as a result of a possible dependence of the transvel
relaxation rate on the magnetic field strength. Nevertheless, thi
effect was not observed for the investigated cross-link natura
rubber series. The maximum of the DQ buildup curves recorde
at about 20 and 500 MHz is reached for the samvalues (cf.
Fig. 3a and Fig. 3b).

In order to improve the signal-to-noise ratio for the DQ-
filtered signals a new procedure was introduced based on tf
MERE pulse sequence (cf. Fig. 2b). Thé-normalized DQ de-
cay curves measured using the NMR MOUSE and the Bruke
DSX 500 spectrometer for the natural rubber samples NR1 an
NRS5 which differ in cross-link densitiy (cf. Table 1) are pre-
sented in Figs. 4a and 4b, respectively. The ratio of the slopes fc
the fitted straight lines im'? involves the(w3 ) term (see Eq. [7])
for the two natural rubber samples NR5 and NR1. This ratio (se
below) isin good agreement (about 10%) with that obtained fron
the measurements performed with the NMR MOUSE.

To justify the approximations used for the derivation of
Eq. [7] a comparison between tf@3) values measured from
DQ buildup and decay curves was made. For this purpose th

FIG. 3. H-normalized DQ buildup curves for the natural rubber samplegata_ recorded Wlth the Bruker DSX 500 spectrometer show:
NR1 (A) and NR5 ¢) with different cross-link densities (cf. Table 1). Thein Figs. 3b (see inset) and 4b were used. For the nature

DQ buildup/

buildup curves have been recorded using the pulse sequence of Fig. 1b. (a)fllisber samples NR1 and NR5 we get the raﬂﬁ%)N%

DQ-filtered signal dependence on excitation and reconversion timexorded
using the NMR MOUSE. The DQ signals were normalized to the intensity of t

h<é;2D>NR1

PRPuldib~ 5 5 from the data presented in the inset of the

. D D ~
Hahn echo recorded with the same echo time as that used for the buildup curbdg). 3b, and(a?D)Ngsdecay/<5%),\,gldecay: 3 from the data shown
(b) The normalized DQ buildup curves recorded with the Bruker DSX 500 NM Fig. 4b. In the limit of the experimental errors these ratios

spectrometer. The pulse sequence of Fig. 1b was used with a pulse flip a%gl@ in good agreement, thus showing that the approximation
of aboutd = 60° and pulse delays identical to those used in the measurements

with the NMR MOUSE. The inset shows the dependence%ior the buildup

involved in the derivation of Eq. [7] are justified.

curves in the initial excitation regime. The solid lines represent the best fit of IN Order to investigate the possibility of using the NMR

the data with a polynomial function of order 61in

MOUSE sensor to measure the ratio of the total (intragroup a
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well as intergroup) residual dipolar couplings of two samples<g,
with one sample used as a refererié¢ DQ decay curves have £
been recorded for the natural rubber cross-link series of Table =
The initial decay time regime’ was exploited to evaluate the ©
values of the square of the total residual dipolar coupling giveg
by (@3) (cf. Eg. [7]). The measurements were performed on.fsL
an NMR MOUSE and a Bruker DSX 500 spectrometer usinig
thet values (cf. Fig. 2b) corresponding to the maximum of DC3
buildup curves for each sample in the cross-linked series. TI%

oupli

residual dipolar couplings ratiog3 yg) 2/ (@3 yg) ¥/ for dif- o
ferent natural rubber samples labeled by indices 1, 2,3,4, §&
E
o
a X T T T T T T T T T T T T
0 1 2 3 4 5 [
> 1.0
5 sulfur-accelerator content [phr]
c
_‘g 0-9 FIG. 5. The normalized values of the residual dipolar couplings
- A A (@03 ) M/ (@7 )2 for the cross-linked natural rubber series of Table 1 ver-
'g 0-87 sus sulfur-accelerator content. These quantities are determined by measuri
© the slopes of the DQ decay curves represented vetdiisf. Fig. 4). The ratios
E 071 (@3 )M/ (@7 \ry) Y2 fori = 2,3, 4, and 5 are obtained from the data recorded
e using the NMR MOUSE ¢) and the Bruker DSX 500 spectrometer)(em-
e} 0.6 - ploying the MERE pulse sequence (cf. Fig. 2b). The continuous and dashe
0 lines represent the best fit of th@32,e) 2/ (w3 )2 ratios measured with
0.5 1 ° the NMR MOUSE and the DSX 500 spectrometer, respectively.
0.4 *
.00 0.05 0410 045 020 025 050 055 o040 o4s and>d (s_ee Table 1) are sr_lown in Fig. 5versus sulfur-acceleran
2. 2 content in phr. In the limit of experimental errors these ratios
© (s show a linear dependence. This linear dependence underlin
b 1.1 again the validity of the simple model employed for evaluating
residual dipolar couplingslf) which has been used previously
- in studies of polybutadiene8( 16, 17 and synthetic 1,4is-
’é 1.0 polyisoprene 4). However, the lines in Fig. 5 do not cross the
o origin but provide a finite value for residual dipolar couplings for
-5 0.9 un-cross-linked natural rubber. As noted befdB) this is not
Q in contradiction with the applied model, but reflects the influ-
© 2a, R ence of the local chain order (physical cross-links). It is eviden
g 087 4 from Fig. 5 that over the range of cross-link densities that ha
c been examined, there is about an 80% increase in the normaliz
g 0.7 . value of the residual dipolar couplings. The residual dipolar cou
* . . plings measured in homogeneous and inhomogeneous magne
06 o fields differ by about 10%, proving that the NMR MOUSE can
’ — , , ——— provide quantitative values for relativel total residual dipolar
0.00 005 0.10 0.15 0.20 0.25 0.30 035 040 0.45 Coup"ngs for elastomers.
172 [ms?] We have also found that the broadband eight-pulse sequen

FIG.4. H-normalized DQ decay curves for the natural rubber samples N%l
(A) and NR5 @) (cf. Table 1). The DQ decay curves have been recorded usi
the MERE pulse sequence of Fig. 2b. (a) The DQ-filtered signal recorded us

n

(2) was not efficient in pumping DQ coherences, probably a:
result of increased volume selection produced by multiple r
Aises with the NMR MOUSEIQ).

the NMR MOUSE versus'?, wheret’ is the mismatched reconversion time.
(b) The normalized DQ decay curves recorded with the Bruker DSX 500 NMR
spectrometer versus?. The pulse sequence of Fig. 2b was used with a pulse

flip angle of abouty = 60° and pulse delays identical to those used in the i, 1 . .
measurements with the NMR MOUSE. The DQ signals were normalized to the-rhe possibility of detecting'H DQ-filtered NMR sig-

maximum intensity of the DQ buildup curves. The solid lines represent the b&IS in cross-linked elastomers using an NMR MOUSE sen
fit of the experimental data in the initial? regime of mismatched reconversion.sor was demonstrated. To investigate the effects of the fiel

CONCLUSIONS
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inhomogeneities onthe DQ buildup and decay curves the meittith Professor Gil Navon, Dr. Uzi Eliav, Dr. UtedKe, Dr. Siegfried Stapf, and
ods employed were tested on a solid-state Bruker DSX 500 NNAR Marko Bertmer. C.F. thanks Deutsche Forschungsgemeinschaft for a visitin
spectrometer for an arbitrary value of the pulse tip angle. TRES"tstgrant
DQ buildup and decay curves in the initial time regimes are

not affected by the magnetic field inhomogeneity because the

filtration of thgse coherences IS,; achieved by the phase Cy_CI”].gR. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Nuclear
procedure. Ininhomogeneous fields only the pha_ses of radiofre-pagnetic Resonance in One and Two Dimensions,” Clarendon, Oxforc
guency pulses are the same for all the voxels in the sample.(1987).

Radiofrequency pulse flip angles are widely distributed. Becaue M. Munowitz and A. Pines, Principles and applications of multiple-quantum
only the rf pulse delays are modified in these experiments and NMR, Adv. Chem. Phy$6, 1-152 (1987).

not the number of pulses, the artifacts induced by volume seleg-R. Graf, D. E. Demco, S. Hafner, and H. W. Spiess, Selective residua

tion are not present like in the case of measurements made withdipolar couplings in cross-linked elastomersiyy double-quantum NMR
Carr—Purcell pulse sequencéQ)( spectroscopy$olid State Nucl. Magn. Resdi2, 139-152 (1998).

The newly introduced method of DQ decay curves is charad: M- Schneider, L. Gasper, D. E. Demco, and Bumich, Residual dipo-
lar couplings by'H dipolar encoded longitudinal magnetization, double-

teri_zed by_an improve_d accuracy in measuring the ratio of t.he and triple-quantum nuclear magnetic resonance in cross-linked elastomer
residual dipolar couplings as a result of better signal-to-noise J. Cchem. Phys111,402-415 (1999).

ratio as compared to the DQ buildup curves. Nevertheless, far M. Schneider, D. E. Demco, and B.Btiich, NMR imaging of proton resid-
optimum setting of this method, the DQ buildup curve has to be ual dipolar coupling from strained elastomers, submitted for publication.
recorded first. Moreover, DQ decay curves are less sensitive oM. Schneider, D. E. Demco, and B.uBtiich, *H NMR imaging of residual
the changes in the value of the residual dipolar couplings as com-d''00""‘rt,°°“t9“”gds '”bclross"'”tked e'agtto_mlers D'pto'arﬁt;ﬁded 'g”g't“d'”a'
pared to the DQ buildup curves. It was also shown that samplesTﬁ?ggz'zjff’(lg;g)e'q“an um, andtriple-quantum hiteigiagn. keson.
having dlifferent values of the.total residual dipolar coupllr'ugs. in Klinkenberg, P. Biiiler, and B. Blimich, ?H-NMR imaging of stress in

a gross-llnked elastomer series can be compared quantitativelygyained elastomersacromolecule®0, 1038-1043 (1997).

using the NMR MOL_JSE- The method Of the DQ decf'iy CUIVE§ M. Klinkenberg, P. Blimler, and B. Blimich,2H NMR imaging of strained
can be also applied in the case of experiments done in homoge-elastomers). Magn. Reson. A19,197-203 (1996).

neous magnetic fields or under magic-angle sample spinning for L. Tsoref, H. Shinar, Y. Seo, U. Eliav, and G. Navon, Proton double-quantum
measuring chemically site selective dynamic order parametersfiltered MRI—Anew method forimaging ordered tissivtagn. Reson. Med.
(3). Moreover, this procedure can be used#dNMR contrast ~ 40,720-726 (1998). - _ _
filters to record parameter images of residual dipolar coupling® Y- Eliav and G. Navon, A study of dipolar interactions and dynamic pro-
in elastomers having better spatial resolution compared with that SS5€S of water molecules in tendon by andH homonuclear and het-

. eronuclear multiple-quantum-filtered NMR spectroscdpylagn. Reson.
based on DQ buildup coherencés 6). 137,295-310 (1999).

The possibility of recording proton DQ-filtered NMR signals ;g gjiamich, “NMR Imaging of Materials,” Clarendon Press, Oxford (2000).
will make the use of the NMR MOUSE more promising ok g ajibanu, K. Hailu, R. Eymael, D. E. Demco, and BuBlich, Nuclear
the characterization of ordered tissues like intervertebral disk, magnetic resonance in inhomogeneous magnetic fidldslagn. Reson
connective tissues, muscles, and blood vessels. The excitatioril45,246-258 (2000).
of other spin modes like dipolar-encoded longitudinal magnés3. J. Gottwald, D. E. Demco, R. Graf, and H. W. Spiess, High-resolution

tization and dipolar order using the NMR MOUSE as well as double-quantum NMR spectroscopy of homonuclear spin pairs and protol

extending the sphere of applications of these procedures is cur--onnectivities in solidsChem. Phys. Let243,314-323 (1995).

14. G.Eidmann, R. Savelsberg, Puler, and B. Blimich, The NMR MOUSE,
rently under StUdy' amobile universal surface explorérMagn. Reson. A22,104—109 (1996).
15. P. Sotta, C. Hlber, D. E. Demco, B. Rifnich, and H. W. Spiess, Effect of
ACKNOWLEDGMENTS residual dipolar interactions on the NMR relaxation in cross-link elastomers,
Macromolecule®9, 6222—-6230 (1996).
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